Abstract. Breast cancer is the most common malignant disease occurring in women. Conservative breast cancer surgery followed by radiation therapy is currently the standard treatment for this type of cancer. The majority of metastases occur within the scar, which initiated a series of studies. As a result, clinical trials aimed to assess whether localized radiotherapy, as intraoperative radiotherapy (IORT), may more effective in inhibiting the formation of local recurrence compared with the standard postoperative whole breast radiotherapy. The present study determined the role of postoperative wound fluids (WFs) from patients diagnosed with breast cancer subsequent to breast conserving surgery or breast conserving surgery followed by IORT on the expression of three microRNAs (miRNAs), consisting of miR-21, miR-155 and miR-221, in distinct breast cancer cell lines that represent the general subtypes of breast cancer. It was determined that the miRNAs responsible for breast cancer progression, induction of tumorigenesis and enrichment of the cancer stem cell phenotype, which is responsible for resistance to tumor therapy, were highly upregulated in the human epidermal growth factor receptor 2-positive breast cancer SK-BR-3 cell line following stimulation with WFs. It is worth emphasizing, that those changes were more significant in WFs collected from patients after surgery alone. The BT-549 cell line showed altered expression only of miR-155 following incubation with WFs. Notably, this change was not associated with IORT. Additionally, it was indicated that both WFs and RT-WF strongly downregulated the expression of miR-21, miR-155 and miR-221 in basal/epithelial and luminal subtypes of breast cancer. It was concluded that the present study contributes to an increased understanding of the role of surgical WFs and IORT treatment in the regulation of miRNA expression. This may enable the development of the current knowledge of breast cancer biology subsequent to IORT treatment and substantially to improve the therapy in the future.
Introduction
Breast cancer is one of the most frequent malignances and the second most common cause of cancer-associated mortality in women around the world. The morbidity rate of breast cancer has gradually increased in recent decades (1) . Treatment includes surgical intervention, radiotherapy (RT), systemic treatment with cytotoxic chemotherapy, hormone therapy, biological therapy, or a combination of all these therapies (2) . Subsequent to breast-conserving surgery, the tumor bed represents the region with the highest probability of recurrence (≤90%) (3, 4) . It was determined that the most effective strategy is intraoperative RT (IORT) (5, 6) . During IORT, a 10-Gy electron-boost is delivered within breast-conserving treatment (BCT), which results in notably low local recurrence rates (7) . It is known that post-operative wound fluids (WFs) collected from breast cancer patients are able to stimulate in vitro growth of breast cancer cells and are potent activators of the signal transducer and activator of transcription factors, due to enriched composition of cytokines and growth factors related to wound healing. WFs have an important role in breast cancer cell proliferation, migration and survival (8, 9) . Based on these findings and having the knowledge that IORT contributes to low recurrence rates (5-7), attempts were made to determine whether the post-surgery wound fluid after intraoperative irradiation, may modify the wound microenvironment, making it less favorable for cancer cell growth and Wound fluids affect miR-21, miR-155 and miR-221 expression in breast cancer cell lines, and this effect is partially abrogated by intraoperative radiation therapy treatment invasion (8) . IORT is the key factor that affects the wound healing microenvironment, which affects cancer cell biology by decreasing the growth and invasion potential. A study by Belletti et al (8) demonstrated that WFs from patients treated with targeted IORT significantly modify the proteomic expression profile of molecules associated with tumor growth and motility. Additionally, the effect of surgical wounds after intraoperative radiotherapy on the cancer stem cell (CSC) phenotype was previously investigated in a panel of human breast cancer cell lines (10) . It was found that WF and WF after IORT treatment affects the putative stem cell phenotype in breast cancer cell lines. Additionally, this stimulatory effect was decreased in WF after IORT treatment.
In breast cancer, a number of microRNAs (miRNAs) have been identified as tumor suppressors or oncogenes and have been characterized as critical regulators of tumor initiation, metastasis and chemoresistance (11) . miRNAs have also emerged as critical regulators of drug resistance that act by modulating the epithelial-to-mesenchymal transition (EMT) and cancer-associated immune responses (12) . miRNAs are molecules that contribute to modulating signaling pathways subsequent to radiation exposure and have emerged as a potential therapeutic target or biomarker in the radiation response of cancer (13) . However, there is insufficient data on the effect of IORT and the wound-healing process on miRNA regulation in the breast cancer cells present in that microenvironment.
Due to evidence that post-surgical WFs after IORT can modify the proteomic expression profile, and thus the wound microenvironment, the aim of the present study was to determine whether post-surgery WFs had an effect on the miRNA expression level in breast cancer cells, and if those changes are associated with intraoperative radiation therapy.
Materials and methods
Surgical WF collection. Postoperative WFs were collected from breast cancer patients that underwent surgical treatment in Greater Poland Cancer Centre in Poznan, Poland. Wound fluids were collected between November 2013 and January 2015. Following resection of the tumor (wide local excision), one group of patients underwent IORT up to a dose of 10 Gy per tumor bed (Boost) (RT-WF group); the second group of patients did not receive IORT (WF group). The clinical characteristics of each group are presented in Table I . The follow-up examination was scheduled 7 days after surgery at the Greater Poland Cancer Centre in Poznan, Poland. The patients underwent the ultrasonography and were assessed for the presence of fluid in the tumor bed. WFs were collected by means of percutaneous aspiration. Fluids were centrifuged for 25 min at 300 x g at 4˚C, sterile filtered and stored at -80˚C. The study was approved by the Bioethics Committee of Poznań University of Medical Sciences (Poznań, Poland). Informed consent was obtained from all patients.
Cell culture. Experiments were performed on four breast cancer cell lines, consisting of MDA-MB-468 [Er/PgR-; human epidermal growth factor receptor 2 (HER2)/Neu-], BT-549 (Er/PgR-; HER2/Neu-), MCF-7 (Er/PgR+; HER2/Neu-) and SK-BR-3 (Er/PgR-; HER2/Neu+). MDA-MB-468 and BT-549 are defined as triple-negative breast cancer (TNBC). They were chosen due to their distinct molecular profile (14, 15 
Quantitative polymerase chain reaction (qPCR)
. qPCR analysis of hsa-miR-21, hsa-miR-155, hsa-miR-221 and miRNeasy Serum/Plasma Spike-In Control (1.6x10 8 copies/µl) as a reference, was performed using a miR-specific TaqMan MicroRNA Assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). Analyzed miRNA primers and reference miRNA primers used were as aforementioned for reverse transcription (miRNA-specific stem-loop primers; Applied Biosystems; Thermo Fisher Scientific, Inc.). The amplification protocol was as follows: 95˚C for 10 min, followed by 50 cycles of 95˚C for 15 sec, 60˚C for 1 min, and 4˚C for 30 sec. The qPCR reactions were performed in triplicate according to the manufacturer's instructions using LightCycler480 (Roche Diagnostics, Basel, Switzerland). The fold-differences in miRNA expression between the samples were calculated using the comparative Cq (2 -ΔΔCq ) method (16) .
Statistical analysis. Quantitative differential expression of miRNAs between patients was calculated as 2 -ΔΔCq . For the statistical analysis the GraphPad Prism program (version 6; GraphPad Software, Inc., La Jolla, CA, USA) was used. Data were examined using one-way analysis of variance with Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Evaluation of miRNA expression in breast cancer cell lines.
The expression level of three different miRNAs, consisting of miR-21, miR-155 and miR-221, was assessed by RT-qPCR analysis in cell lines from 4 subtypes of breast cancer, consisting of the basal/mesenchymal BT-549, basal/epithelial MDA-MB-468, HER2-overexpressed SB-BR-3 and luminal MCF7 cell line (Fig. 1) . The expression profiles of miR-21 and miR-221 were similar in all analyzed cell lines. BT-549, MDA-MB-468 and MCF7 cells showed similar expression levels of miR-21 and miR-221. Similar patterns were also observed in SK-BR-3 cell line; however, the expression of those miRNAs was much lower. miR-155 represented the lowest expression profile among all analyzed cell lines. The expression of all analyzed miRNAs was lowest in the SK-BR3 cell line.
Expression of miR-21, miR-155 and miR-221 is affected by
WFs in different subtypes of breast cancer cells. The present study confirmed that all the miRNAs were differentially expressed in breast cancer cells (Fig. 1) . To establish the effect of WFs on the expression of the 3 analyzed miRNAs, cells were incubated with 10% of WF or RT-WF and harvested after 4 days. The levels of miRNA expression were evaluated using the TaqMan MicroRNA Assay. miR-155 expression. As shown in Fig. 1 , miR-155 exhibits the lowest expression in breast cell lines in comparison with the two other analyzed miRNAs. In the BT-549 cell line, expression of miR-155 was significantly decreased (P= 0.0003) after incubation with WF and RT-WF in comparison to the control. However, differences between cells exposed to WF or RT-WF were not observed (WF, 0.43±0.05; RT-WF, 0.38±0.08; Fig. 3 ). Similar results were also identified for the MDA-MB-468 cell line (P<0.0001). In contrast to the BT-549 cell line, in MDA-MB-468 cells a slight increase in miR-155 expression was observed following incubation with RT-WF (compared with WF); however, this was not statistically significant (WF, 0.22±0.1; RT-WF, 0.24±0.15). By contrast, the HER2-overexpressing SK-BR-3 breast cancer cell line exhibits the most pronounced differences in miR-155 expression. WF causes the highest upregulation of miR-155 (11.84±5.2; P= 0.012) in comparison to the control and RT-WF groups. Increased expression of miR-155 was also observed following exposure to RT-WF, but at a significantly lower level (3.67±1.3; P= 0.024). Additionally, the MCF7 cell line exhibited significantly decreased miR-155 expression (P<0.0001) and this decrease was more noticeable in the WF group compared with the RT-WF group (P= 0.012; WF, 0.05±0.01; RT-WF, 0.09±0.03).
miR-221 expression. miR-221 expression shows a similar expression profile to miR-21 expression subsequent to WF and RT-WF supplementation of culture medium (Fig. 4) . In the BT-549 cell line, no changes in miRNA expression were observed subsequent to WF or RT-WF stimulation (WF, 1.02±0.27; RT-WF, 1.09±0.3). Incubation of MDA-MB-468 Table I . Histopatological classification of patients. 
Discussion
Surgery itself can activate numerous inflammatory responses that are known to modify the growth kinetics of breast cancer micro-metastasis, suggesting that it can be also a factor in local recurrence or metastasis development (17) (18) (19) . It was shown that not only surgery, but also the post-surgery WF drainage collected from breast cancer patients can have a prominent role in breast cancer cell proliferation, motility and survival (8, 20, 21) . Thus, it is possible that modification of the local microenvironment caused by surgery may alter the growth kinetics of cancer cells, supporting the 'seed and soil' hypothesis first proposed by Sir Stephen Paget to explain the pathogenesis of cancer metastasis (22, 23) . Additionally, it has been proposed that radiotherapy may affect not only breast cancer cell survival, but may also change the cell phenotype, physical interactions, signaling between cells and thus the entire tumor microenvironment (24, 25) .
miRNAs have revealed functions in cancer biology and processes in the local microenvironment. However, only a few studies have described the effect of radiation on the miRNA expression profile and little is known about the underlying molecular mechanism (26) (27) (28) . In the present study, with knowledge of the role of miRNAs in breast cancer development and different expression patterns between the breast cancer cell lines, and based on previous studies investigating the potential effect of postoperative WF on the tumor microenvironment (8, 9, 29) , it was decided to explore whether stimulation of breast cancer cells by WF can affect the expression of distinct miRNAs in cell culture.
Previous studies have revealed that miRNAs also act as potential agents for predicting radiation responses or modulating the tumor radiation response of lymphoblastic cell lines, endothelial cells and lung cancer cells (26, 27, 30) . Additionally, the dysregulation of miR-21 and miR-155 expression is associated with tumor progression (31) (32) (33) . miR-21 is known as a common inflammation-inducible miRNA that targets phosphatase and tensin homolog, nuclear factor I B and pro-inflammatory programmed cell death protein 4 (32, 34, 35) . In breast cancer cells, miR-21 contributes to radiation resistance by compromising cell cycle progression (radiation-induced G2/M arrest) (36) . miR-21 is also one of the most consistently upregulated onco-miRs in a wide range of cancers, including breast, lung or colon cancer (31). Anastasov et al (36) observed that the changes in miR-21 expression depend on the cells being radiosensitive. In the aforementioned study using two breast cancer cell lines, the authors demonstrated that miR-21 expression was significantly increased in radiation-resistant cells, but remained unchanged in the radiosensitive cell line (36) . This data supports the hypothesis that regulation of miR-21 expression is not associated with oncogenesis, but rather acts as radioresistant miRNA when it is transiently overexpressed subsequent to radiation treatment (37) . The present study showed that miR-21 was highly expressed in 3 of 4 analyzed breast cancer cells, consisting of the basal/mesenchymal BT-549, basal/epithelial MDA-MB-468 and luminal MCF7 cell lines. Significantly decreased expression of miR-21 was observed in the HER2-positive SK-BR3 cell line, which represents the HER2-positive histological type of breast cancer. HER2 abnormality has a high prevalence (~22%) in breast cancer, where overexpression of HER2 is associated with an increased histological tumor grade, increased cell proliferation, cell motility, tumor invasiveness, metastases and angiogenesis, decreased apoptosis, and a poor overall prognosis (38, 39) .
While comparing the responses of different subtypes of breast cancer to WFs obtained from patients that underwent surgery alone or surgery followed by IORT, a different profile of miR-21 was observed. The present study found that WFs have no effect on the BT-549 cell line. In MDA-MB-468 and MCF7 cells, a prominent decrease in miR-21 expression was observed. By contrast, SK-BR3 cells had increased expression of miR-21 following stimulation with WF and RT-WF. Based on the present data, it was hypothesized that both WFs, and particularly WF can increase the malignancy of SK-BR-3. Thus, the present results confirm the findings of previous studies, indicating that local recurrence after surgery is particularly common in tumors characterized by HER2 overexpression, where miR-21 is over-expressed (40, 41) . Additionally, it was previously reported that WFs contain growth factors that induce proliferation of HER2-positive breast cancer (29) . miR-155 is also one of the most consistently upregulated onco-miRs in a wide range of cancers and it is associated with tumor progression (31,32) . The clinical data indicate that miR-155 has a crucial role in tumor development, tumor diagnosis and prognosis. It was also suggested that this miRNA promotes tumor growth, invasion and metastasis and thus, acts as an onco-miR in human cancer (42) . Notably, the present results clearly indicate that the WF and RT-WF groups decreased miR-155 expression in BT-549, MDA-MB-468 and MCF7 cell lines. The SK-BR-3 cell line showed a different profile of miRNA expression in the response to WF and RT-WF. The level of miR-155 expression was 12 times higher in the WF group and 4 times higher in the RT-WF group compared with untreated cells. The present findings may contribute to the clinical response of the patients. According to Chen et al (43) , decreased miR-155 expression by antisense targeting could increase the sensitivity of breast cancer cells to irradiation. Since the RT-WF group shows a decreased expression level of miR-155 compared with WF, it may be hypothesized that radiation therapy, given to the two groups of patients following surgery, may have exhibited an improved outcome in patients who had already received IORT.
These results can be highly informative, but do not provide unambiguous data to allow a simple conclusion of how surgery followed by IORT alters the tumor microenvironment. Additionally, it is important to indicate that increased miR-155 expression in breast cancer has been shown to be significantly associated with increased tumor grade, advanced tumor stage and lymph node metastasis, suggesting its potential as a clinical prognostic value (44). Shibuya et al (45) showed that increased miR-155 expression may be an effective biomarker for the prediction of poor prognosis. The present study found that in the case of SK-BR-3 stimulation by postoperative WF after IORT, the expression of miR-155 was significantly downregulated compared to the WF group. This finding may indicate that radiotherapy on the tumor bed immediately after surgery (IORT) may modulate the properties of post-operative WF and consequently change the miRNA expression. According to Jiang et al (46) overexpression of miR-155 increases the proliferation of breast cancer cell, while downregulation (using anti-miR-155) reduces the cell growth. Downregulation of miR-155, which the present study observed in RT-WF group, may then reduce the proliferation of tumor cells and finally the local recurrence of cancer. Opposite results were observed in the MCF7 cell line. The level of miR-155 expression was slightly increased in the RT-WF group compared to WF group. However, as shown by Gasparini et al (47) , overexpression of miR-155 in the MCF7 cell line decreased the efficiency of homologous recombination and thus enhanced sensitivity to IR both in vivo and in vitro. This statement stays on the contrary with aforementioned study by Chen et al (48) . Thus, additional data are required to better understand the key aspect on miR-155 impact on response to ionizing radiation treatment.
miR-221 has been found to be overexpressed in numerous human tumors (49) (50) (51) (52) . While analyzing breast cancer cells, Roscigno et al (53) showed that miR-221 is expressed at increased levels within the CSC population. It is also responsible for promoting tumorigenesis in triple-negative breast cancer cells by promoting EMT in those cells. Thus, patients with increased miR-221 levels show worse overall survival (54) . The findings presented in the present study indicate that miR-221 expression is affected by WFs in two basal/epithelial HER2-positive and luminal subtypes of breast cancer. MDA-MB-468 and MCF7 cells show decreased expression of miR-221 subsequent to WF/RT-WF addition, with a slightly increased expression in the WF group; again, SK-BR-3 shows a different expression profile. In SK-BR-3 cells, WF statistically increases miR-221 expression (5-fold), while RT-WF only slightly stimulates its expression, without any statistical significance. As miR-221 is upregulated in the population of CSCs, we wondered whether this effect is also dependent on enriched population of CSCs. As shown in a previous study, the SK-BR-3 cell line is enriched in CSC phenotype measured by both ALDH activity and CD44/CD24
-/low population after stimulation with both fluids (10) . Furthermore, MCF7, MDA-MB-468 and BT-549 also represented elevated levels of CSC population after WF stimulation. However, as the present results indicate, the level of miR-221 expression was decreased in those cells. Therefore, the present study speculates, that the correlation between miR-221, CSC phenotype and WF is related to the subtype of breast cancer cell line. Additionally, it was also demonstrated that miR-221 together with miR-222 directly targets estrogen receptor alpha and overexpression of these miRNAs in breast cancer aid in the progression of the more aggressive basal-like breast cancer (55) . Thus, it was hypothesized that WF may have a role in the progression of HER2-positive breast cancer, and that this effect can be partially abrogated by intraoperative radiotherapy. However, due to the preliminary nature of the current study, additional research is required to reach definitive conclusions.
Overall, the present study demonstrated that post-surgical WFs affect the expression level of selected miRNAs associated with tumor development and progression. The understanding of the crosstalk mechanism between surgery and recurrence and metastases may be particularly relevant for identifying effective treatments for breast cancer.
